The turnover and clearance of cells is an essential process that is part of many physiological and pathological processes. Improper or deficient clearance of apoptotic cells can lead to excessive inflammation and autoimmune disease. The steps involved in cell clearance include: migration of the phagocyte toward the proximity of the dying cells, specific recognition and internalization of the dying cell, and degradation of the corpse. The ability of phagocytes to recognize and react to dying cells to perform efficient and immunologically silent engulfment has been well-characterized in vitro and in vivo. However, how apoptotic cells themselves initiate the corpse removal and also influence the cells within the neighboring environment during clearance was less understood. Recent exciting observations suggest that apoptotic cells can attract phagocytes through the regulated release of 'find-me' signals. More recent studies also suggest that these find-me signals can have additional roles outside of phagocyte attraction to help orchestrate engulfment. This review will discuss our current understanding of the different find-me signals released by apoptotic cells, how they may be relevant in vivo, and their additional roles in facilitating engulfment.
necrosis which can lead to exacerbated inflammation and autoimmune diseases. 4 For these reasons both the dying cell and the phagocyte communicate and engage each other to ensure successful engulfment.
One way in which cellular turnover occurs is through apoptosis, a type of programmed cell death. Although different types of cell death exist, 5 the majority of what is known about cell clearance involves the engulfment of caspase-driven apoptotic cells; therefore this review will focus on engulfment in the context of caspase-dependent apoptosis. Apoptosis can be initiated by intrinsic or extrinsic pathways, such as genotoxic stress or receptor-mediated death, respectively. The activation of caspases during apoptosis leads to many cellular changes such as DNA fragmentation, plasma membrane alterations, and the regulated release of cellular contents. 6 It is now recognized that many of these processes, which an apoptotic cell undergoes, can help the overall process of cell clearance.
Much work has been done to understand how phagocytes mediate engulfment, as well as influence their immediate environment during clearance. However, before phagocytosis can occur, a key step is for the phagocyte to 'find' the dying cells among the sea of living cells. How this is achieved is a fascinating question that is just beginning to be delineated. Recent studies suggest that apoptotic cells can release factors, termed 'find-me' signals that advertise their presence to facilitate the migration of phagocytes toward the area of cell death. 7 This review will focus on the find-me signals and their effects on phagocyte migration. Furthermore, we will examine how these mediators may influence cell engulfment and the environment around the dying cells to properly orchestrate corpse clearance.
Steps involved in clearance
Proper apoptotic cell clearance occurs through several steps: migration toward the dying cell, recognition/binding to the apoptotic target, phagocytosis, and digestion of the corpse ( Figure 1 ). Apoptotic cells first release find-me signals to promote phagocyte migration to the proximity of cells undergoing death. The phagocytes then specifically recognize the dying cells via 'eat-me' signals, the best studied being phosphatidylserine (PtdSer). PtdSer is a phospholipid found on the inner leaflet of the plasma membrane, but flips to the outer membrane upon apoptosis induction, through the activation and deactivation of scramblases and flippases, respectively. 8 Other less-characterized recognition signals as well as the respective receptors they engage on phagocytes are depicted in Figure 2 . [9] [10] [11] Factors such as the cell type undergoing death, the pathological or physiological stimulus, or the duration of this fatal process can affect the landscape of eat-me signals exposed.
Different receptors and soluble molecules have been linked to PtdSer recognition and this recognition occurs either directly or indirectly. Direct recognition can occur via brainspecific angiogenesis inhibitor 1 (BAI1), 12 Stabilin-2, 13 and members of the T-cell immunoglobulin mucin domain; [14] [15] [16] alternatively, bridging molecules such as GAS6/Protein S and milk-fat globule EGF factor 8 can bind to the PtdSer exposed on the apoptotic cells, and in turn be recognized by members of the Tyro-Axl-Mer family and α v β 3 integrin, respectively, on the phagocyte. 17, 18 Although some of these receptors only serve to tether the apoptotic cells, others can initiate intracellular signaling to induce phagocytosis. Receptors such as BAI1 can signal intracellularly through the ELMO1-DOCK180-Rac signaling module to stimulate cytoskeletal rearrangement and engulfment. 12 Stabilin-2 has been reported to require the adapter protein GULP and thymosinβ 4 to engulf apoptotic cells. 19, 20 Once internalized, phagolysosome maturation occurs through the action of several Rab-family GTPases eventually leading to the degradation of the ingested cell corpse. 21 'Find-me' signals Both non-professional phagocytes and resident professional phagocytes can clear dying cells under homeostatic conditions. Although neighboring cells may not need to 'migrate' toward an apoptotic cell to engulf, motile phagocytes such as a resident macrophage likely do. During situations where a large amount of apoptosis might be occurring, such as in an inflammatory setting, additional professional-phagocyte migration and their inherent increased-engulfment capability is necessary to cope with the death overload. Moreover, in many cases, healthy neighboring cells (e.g., thymocytes) are unable to clear their dying brethren, and therefore, migration of resident phagocytes within a tissue is required.
It is now well-established that apoptotic cells release mediators that induce phagocyte attraction to the proximity of the dying cells. 22 Interestingly, many of these factors contain several extracellular signaling capabilities, indicating that they may have additional roles beyond simply inducing phagocyte migration. One possibility is that these recruitment/find-me signals also influence the cell clearance microenvironment, or the ability of phagocytes to engulf apoptotic cells. It is also possible that find-me signals not only recruit the right phagocytes but also 'prepare' the environment for clearance.
Release and recognition. Apoptotic cells can release different mediators 22 ( Figure 2 ). Although some of these are better characterized, in-depth understanding of others is still required. The section below describes four find-me signals that are currently better detailed for their role in phagocyte attraction and beyond.
Lysophosphatidylcholine. One of the first identified recruitment signals for apoptotic cell engulfment was lysophosphatidylcholine (LPC). 23 Lauber et. al. 23 showed that the cell supernatants taken from apoptotic MCF7 cells could induce phagocyte migration. The authors linked soluble LPC as the factor responsible for recruitment. Unlike LPC, other lysophospholipids or metabolic derivatives of LPC were unable to induce phagocyte chemotaxis. 24 This release of LPC was not simply leakage of cellular contents as the membrane integrity was intact. LPC release was dependent on caspase-3-mediated activation of calcium-independent phospholipase A2, 23 which hydrolizes membrane-lipid phosphatidylcholine. However, it is not known whether LPC generation during apoptosis occurs intracellularly, extracellularly, or both, as the perturbed membrane structure is susceptible to secretory phospholipase A2 activity. 25 Later, it was shown that ABCA1 might be important for the release of lysophospholipids during apoptosis, as knockdown of ABCA1 resulted in the reduced migration of macrophages toward apoptotic cell supernatants. However, the authors did not show that this was caused by the specific reduction of LPC in the supernatants. 26 This linkage of LPC release to ABCA1 is of interest as among the many evolutionarily conserved genes linked to apoptotic cell clearance, the ABCA1 homolog CED-7 in Caenorhabditis elegans is the one player known to be required in both the apoptotic and engulfing cells to mediate clearance. 27 Subsequently, the G-protein-coupled receptor G2A was suggested as the target for LPC. Knockdown of G2A could decrease the migratory capacity of phagocytes to apoptotic cell supernatants. 24 However, other phospholipids were also able to neutralize migration to pure LPC in a G2A-dependent manner. It is possible that a balance of different lysophospholipids released from apoptotic cells can affect migration.
There is also controversy as to whether LPC is a ligand for the G2A receptor, 28 as LPC has been shown to inhibit G2A-mediated signaling, including actin polymerization. 29 Furthermore, G2A receptor signaling may also depend on other oxidized fatty acids 30 for specific interactions with intracellular G-proteins and GPCRs. 31 Thus, the effects of LPC or other lysophospholipids on migration may depend on the specific phagocyte, owing to differential expression of GPCRs and G-proteins in different cell types.
Sphingosine-1-phosphate. Another lysophospholipid that has been shown to function as a find-me signal during apoptosis is sphingosine-1-phosphate (S1P). It had already been shown that apoptotic cells can release S1P, 32 but its function as a lipid-attraction signal during cell death was not reported until 2008. Gude et al. 33 suggested that sphingosine kinase 1 (SphK1) was upregulated during apoptosis and, in turn, led to the increased secretion of S1P. Concomitantly, purified S1P was able to induce phagocyte chemotaxis. However, it is important to note that it was never directly shown that S1P from the apoptotic supernatants was the chemotactic factor. In addition, the authors showed that there was no increase in extracellular SphK1, 33 suggesting that the S1P generation occurred within a cell. However, they did not rule out any actions of SphK2 as it has since been shown to be secreted during apoptosis in a caspase-dependent manner, possibly leading to extracellular generation of S1P. 34 Therefore, a complete understanding of S1P release during apoptosis and phagocyte migration remains to be characterized.
Although there are known receptors for S1P (S1PR [1] [2] [3] [4] [5] ), the specific GPCR involved in phagocyte migration is unclear. Phagocytes can express several S1P receptors making it difficult to determine the receptor(s) involved. Cell typespecific expression, as well as concentration of S1P may be key factors in determining which receptor mediates phagocyte migration.
Fractalkine/CX3CL1. It has been observed that apoptotic cells can undergo membrane blebbing and release small vesicles during the death process. Truman et al. 36 showed that these blebs can participate in monocyte chemotaxis toward apoptotic germinal center B cells. 35 Later, it was shown that Fractalkine/CX3CL1 (FKN) associated with apoptotic microparticles was a chemotactic factor. 36 This 90-kDa membraneassociated chemokine gets processed to a 60-kDa form during the early stages of apoptosis (presumed to occur via extracellular proteases) and released in PtdSer exposing microparticles. Although the precise mechanism of release for the microparticle-associated FKN is not known, phagocyte migration was dependent on the chemokine receptor CX3CR1, as CX3CR1-deficient macrophages failed to migrate toward apoptotic B cells.
Interestingly, it has been shown that FKN shedding or cleavage by ADAM17/ADAM10 can generate a soluble 90-kDa form regardless of apoptosis. 36, 37 Why the 90-kDa fragment does not confer similar migratory effects during cell death remains to be determined. It is possible that PtdSer found on microparticles could further enhance chemotaxis. A 55 kDa soluble form of FKN is generated by cathepsin S processing, however, this is not microparticle bound. 38 Therefore, the precise mechanism through which apoptosis is able to differentially regulate the 60-kDa FKN processing and Intriguingly, compared with the mature glycosylated FKN (90 kDa), the unglycosylated intracellular form is~50-60 kDa. 39 It is enticing to speculate that apoptosis may inhibit glycosylation of FKN, resulting in increased unglycosylated protein. In turn, intracellular vesicles liberated during membrane blebbing could entail a possible mechanism of FKN release. Alternatively, caspase-3 is also present in microparticles, 40 and the cleavage could occur after the particles have been released.
Nucleotides. Nucleotides can also serve as find-me signals. 41 Both adenosine triphosphate (ATP) and uridine triphosphate (UTP) can be released from apoptotic cells in a time-and caspase-dependent manner. Breakdown of these nucleotides by apyrase treatment, resulted in impaired migration (in vitro and in vivo) and defective cell clearance of apoptotic thymocytes. 41 It was determined that the release of nucleotides from apoptotic cells occurred while the membrane was still intact, through plasma membrane Pannexin-1 (Panx1) channels. 42 It was shown that during apoptosis, effector caspases 3 and 7 cleave the C-terminal tail of Panx1. 42 Cleavage of the C-terminal tail resulted in a 'open' channel that was able to release nucleotides into the extracellular space. Mutation of the caspase site on Panx1 rendered the pore incapable of nucleotide release, indicating the specific mechanism of action by which Panx1 released ATP/UTP. 42 It was later shown that the C-terminal tail of Panx1 serves as a pore-associated auto-inhibitory region for the channel. 43 Although nucleotide release through the pannexin channels is perhaps the best-detailed to date, among the find-me signals (Figure 3) , there are still several questions that remain. For example, similar levels of UTP and ATP are released from apoptotic cells, even though the intracellular concentration of ATP is much higher. 44 Whether Panx1 is more selective for UTP, if UTP is somehow more accessible for release, or if ATP is metabolized/degraded intracellularly 45 during apoptosis remains to be sorted out.
Although ATP remains the most studied metabolite released from Panx1, the channel forms a rather non-selective pore, allowing the passage of molecules up to 1 kDa in size. 46 Therefore, it will be interesting to determine whether Panx1 is involved in the release of any other find-me signals that may either cooperate with nucleotides for phagocyte attraction, or alternatively, serve additional functions during cell clearance. In this context, intracellular AMP is also released through the pannexin channels during apoptosis. 45 Although there are many purinergic receptors that recognize extracellular nucleotides, including ionotropic P2X receptors (ATP-gated ion channels) and metabotropic P2Y receptors (G-protein-coupled receptor), they can have a wide variety of functions. 47 Elliot et al. 41 was able to demonstrate that the purinergic receptor P2Y 2 was involved in mediating phagocyte chemotaxis, as P2Y 2 receptor knock-out mice showed decreased migration and clearance toward apoptotic cell supernatants and thymocytes, respectively. It will be important to determine what other effects the release of ATP/ UTP can have on the phagocytes during engulfment as cells are known to express several purinergic receptors.
Other find-me signals. Apoptotic cells also release other soluble mediators to induce phagocyte migration (Table 1) , such as the dimer of ribosomal protein S19 (RP S19). 48 Only the cross-linked dimer (formed by transglutaminase 2 intracellularly 49 or by factor XIIIa extracellularly 50 ), but not monomers, 49 induced monocyte migration. CD88, the C5a receptor, was linked to sensing of S19 and the migration of monocytes. 51 Although neutrophils also express CD88, the dimer RP S19 did not induce neutrophil chemotaxis. This is thought to be a consequence of a C-terminal moiety, which can antagonize the polymorphonuclear leukocyte receptor. 52 Although the chemotactic properties of RP S19 have been established, how the factor is released during apoptosis remains unknown. In addition, whether this can be recapitulated under physiological apoptotic stimuli, rather then hyperthermia (43°C for 60 min), remains to be shown. Other attraction molecules include endothelial monocyte activating polypeptide II (EMAPII) and human tyrosyl tRNA synthetase (TyrRS). Both require proteolytic processing to gain their chemotactic properties. 53 While EMAPII requires processing from the pro-EMAPII form, most likely through caspase 7 cleavage, 54 TyrRS cleavage is thought to occur by neutrophil-released elastase. 55 Of note, the C-terminal cleavage product of TyrRS shares homology (49%) with EMAPII. 56 The N-terminal fragment of TyrRS could stimulate phagocyte migration via the membrane protein CXCR1, but the receptor for the EMAPII like C-terminal fragment of TryRS is unknown. EMAPII can facilitate the migration of endothelial progenitor cells, which are derived from monocytes, through CXCR3; however, this has not been shown in the context of apoptotic cell clearance. 57 EMAPII and TyrRS release likely occur relatively late in the apoptotic process, suggesting that they may be released during secondary necrosis of these cells. 53, 54 Last, although authors were able to show that apoptotic cells secreted EMAPII and TyrRS and that these could in turn mediate chemotaxis, these studies lacked direct evidence proving that they are the chemotactic component in apoptotic cell supernatants.
In vivo relevance. To fully understand the importance of these signals and their regulation of cell clearance, many of these must be better characterized in vivo. Unlike other components of the engulfment machinery (i.e., PtdSer receptors), where generation of transgenic and knock-out mice can help determine their involvement in vivo, many of the signals (LPC, ATP, S1P) released from apoptotic cells cannot be genetically knocked out. Instead, knockout of enzymes required for their production, release, or recognition (which can be indirect and less specific) has to be used in an attempt to address these issues.
To gain insight as to whether these find-me signals affects the overall process of cell clearance in vivo, and in turn physiological or pathological conditions, the examination of specific knock-out mice is required. For example, defective apoptotic cell clearance is thought to be involved in atherogenesis, 58 and intriguingly FKN deficiency has been associated with this disease. 59, 60 However, to what extent FKN released during apoptosis is involved in this pathogenesis has not been determined. The deficiency of CX3CR1 has also been associated with decreased numbers of macrophages in B-cell germinal centers. 36 Although macrophage recruitment was affected, there was no increase in apoptotic B cells, indicating that the reduced number of macrophages was still capable of efficient clearance. This suggests that several find-me signals may be released by one cell and loss of one may be compensated sufficiently enough by others.
The channel involved in nucleotide find-me signals is Panx1. Under homeostatic conditions, Panx1-deficient mice have no overt phenotype, 61 however, there may be compensation from other pannexin family members (Panx2/Panx3), 62 or other nucleotide release channels. Alternatively, Panx1-deficient mice may need to be stressed to increase apoptotic load, as these mediators may be more readily compensated at basal levels of apoptosis. Studies suggest that Panx1 is The contexts in which these signals were discovered and the different cell types that are known to release them are indicated. The table also describes a list of some of the additional signaling capabilities that these mediators are capable of eliciting, as well as additional information that is not known or debated in the field.
Find-me signals and apoptotic cell clearance CB Medina and KS Ravichandran involved in several pathological scenarios (Table 2) , but whether this is dependent on nucleotide release from apoptotic cells awaits further clarification. In addition to their role in nucleotide release from apoptotic cells, the pannexin channels are also involved in regulating the integrity of the dying cells, 63 regulation of vascular constriction via nucleotides released by non-apoptotic mechanisms, 64 and cancer cell migration. 65 Owing to the ubiquitous expression 66 and vast regulatory mechanisms of Panx1 activation, 61,67 novel cell-type-specific knock-out and transgenic mice affecting apoptosis-specific activation may be necessary to understand its involvement during cell clearance in vivo.
Numerous knock-out studies have been performed on other proteins involved in different aspects of these attraction signals. Table 2 lists phenotypes of knock-out mice relevant for find-me signal release or recognition, however, whether find-me signals are having a role in these models requires clarification.
Another issue with several find-me signals is their in vivo concentration. As shown through investigations on LPC, apoptotic cell supernatants contained a concentration of 200 nM LPC, but the authors used 20-30 μM of purified LPC to detect cell migration. 23, 24 Although plasma levels of LPC are known to be considerably high (100 μM-150 μM), 68 extracellular actions of LPC have been reported; 69 an observation likely in part because of the availability of free LPC, as the lipid is thought to be bound to albumin and other carrier proteins. 70 Without detailed knowledge of the receptor for LPC during phagocyte migration, it is difficult to determine if physiological LPC is pertinent. Similarly, there is a discrepancy in the physiological S1P concentrations (4200 nM) 71 compared with the S1P concentrations needed to stimulate phagocyte migration (1-1000 nM) and the much lower S1P levels measured in the supernatants of apoptotic cells (12-16 pmol) .
33 S1P is also bound in blood to albumin and lipoproteins. 72 Therefore, how these signals are able to mediate migration in vivo requires elucidation, as phagocyte recruitment was not studied in vivo. Release of these components may be restricted to a local area, where higher concentrations could be achieved and thereby have an effect on nearby phagocytes. Alternatively, whether LPC or S1P bound to serum proteins or other extracellular components can affect their migratory capabilities is another possible factor in determining their ability to attract phagocytes.
Unlike lipid find-me signals, work on nucleotides and phagocyte migration could show that these mediators were indeed able to induce monocyte chemotaxis in vivo. Supernatants of apoptotic cells released concentrations of 100-200 nM ATP and UTP during cell death. 41, 42 Studies have shown that resting ATP plasma levels are~28 nM, 73 indicating that the release of ATP from apoptotic cells is significant compared with physiological concentrations. Not surprisingly, the EC 50 for many purinergic P2Y receptors are below 1 μM, A list of knock-out mice of proteins linked to specific find-me signal release or recognition. Some of phenotypes associated with these knock-out mice should be cautiously interpreted as the linkage between these phenotypes, the specific find-me signals, or apoptotic cell clearance is not detailed. This demonstrates the necessity to develop novel methodologies to truly understand the impact of find-me signals via combination of genetic and pharmacological methods in vivo.
Find-me signals and apoptotic cell clearance CB Medina and KS Ravichandran including P2Y 2 , which recognizes ATP and UTP at concentration of 100 nM and 200 nM, respectively. 74 Albiet, extracellular ATP can be rapidly degraded by nucleotidases, 75 therefore limiting their availability to a short range. These observations indicate that nucleotides have the capacity to serve as find-me signals in vivo, but certain features of this nucleotide-mediated phagocyte attraction requires further characterization.
Additional functions of find-me signals. Find-me signals were first discovered based on their ability to promote phagocyte migration. However, continued studies on these factors has brought about interesting observations, suggesting other roles during engulfment. As cell clearance is an overall anti-inflammatory process, find-me signals can also contribute to the suppression of inflammation during cell clearance. In addition, the factors may stimulate the 'appetite' of a phagocyte or increase their engulfment capacity. This section will cover some of the auxiliary functions of these apoptotic-released signals and how it may regulate engulfment (Table 1) .
Nucleotides are well-known to have extracellular signaling capabilities. Although they were first considered pro-inflammatory, it is now appreciated that the situation is not that simple. 47 Low levels of ATP can actually have antiinflammatory properties such as decreasing secretion of proinflammatory cytokines from macrophages and dendritic cells. 76, 77 Many of the inflammatory properties of ATP are linked to their stimulation of the P2X 7 R; however, activation of P2X 7 R requires 4100 μM ATP, 74 indicating that 100-200 nM released during cell death is unlikely to activate the P2X 7 R. In fact, this has been supported by studies that showed pannexin-mediated ATP release does not activate P2X 7 R.
78
P2X receptors only engage ATP, while the P2Y receptors, which are implicated in migration, recognize ATP, UTP, and their metabolites. 79 This recognition repertoire can have an important function in cell clearance, as apoptotic cells also release UTP. Furthermore, ATP and UTP can also elicit monocyte migration indirectly by affecting adhesion molecule expression on vascular endothelial cells. 80 Outside of migration, nucleotides can increase microglial phagocytosis through UDP acting on P2Y 6 , although the mechanism is not known. 81 In addition, stimulation of P2 purinergic receptors can increase the phagocytic capacity of macrophages, which is thought to be dependent on increased apoptotic cell-receptor expression, such as α v β 3. Nucleotide effects on phagocytosis could be detected as early as 30 min, indicating the swift communication that occurs between find-me signals and the phagocyte. 82 Although ATP and UTP are released from apoptotic cells, their degradation products may be able to further substantiate their actions during clearance. Adenosine is a potent anti-inflammatory molecule and can suppress both innate and adaptive components of the immune system. It was recently suggested that apoptotic cells release substantial amounts of AMP (through Panx1), which can contribute to the anti-inflammatory effects associated with cell clearance. 45 Therefore, nucleotides provide an exciting new avenue for clearance, both in migration and subsequent consequences.
FKN has been shown to enhance phagocytosis by macrophages via its ability to enhance MFG-E8 induction, however, this upregulation was seen 24 h after FKN treatment. 83 In addition to increasing phagocytosis, FKN has also been associated with anti-inflammatory actions such as providing neuroprotection during glutamate toxicity, 84,85 modulating TNF-α secretion by microglia, 86 and promoting proliferative effects, 87, 88 which may all have important roles in different settings of cell clearance. However, clarification is needed as to which processed form is responsible for these FKN effects.
LPC may also have an indirect role in migration by upregulating vascular endothelial cell expression of different chemokines responsible for immune cell recruitment. 89, 90 LPC has been shown to both increase production of proinflammatory cytokines, 69 and have anti-inflammatory effects such as inhibiting high-mobility group protein B1 (HMGB1) secretion(16 h post-treatment with LPC). 91 These effects are dependent on different receptors as well as cell types, but not yet fully understood. LPC can also act as an indirect eat-me signal by promoting the LPC-dependent binding of IgM to apoptotic, 92 late apoptotic 93, 94 and necrotic cells, 95 ultimately leading to clearance. LPC-IgM-dependent binding to different apoptotic and necrotic states may serve as a backup to normal recognition in situations where large numbers of cells are undergoing apoptosis.
Although the receptor mediating S1P recognition during cell death is not known, S1P can have both anti-inflammatory and anti-apoptotic effects on macrophages.
96 S1P can cause M2 polarization, leading to lower pro-inflammatory cytokines. Interestingly these actions are thought to be a consequence of S1P generation by SphK2, 97 and not SphK1(suggested to be responsible for the S1P find-me signal). Further analysis of the different sphingosine kinase members and their activity during cell death will be important for the understanding of S1P. Lastly, although the death of circulating cells does not generally disrupt any tissues, epithelial death can affect the integrity of barrier surfaces. A recent study has shown that S1P released from apoptotic cells can act on neighboring cells through S1P 2 R to facilitate apical extrusion of the dying cell. 98, 99 Apart from these well-studied mediators, other components released during apoptosis have been implicated in stimulating functions outside of chemotaxis. Apoptotic blebs can regulate migration indirectly by enhancing monocyte-endothelial interactions in the vasculature. 100 Although apoptotic bleb-induced migration may be important for efficient clearance, unlike apoptotic bodies, phagocytosis of such blebs stimulates dendritic cell maturation. This can lead to dendritic cell-mediated T-cell activation, which can predispose to autoimmune disease. 101, 102 RP S19 has been reported to antagonize neutrophil chemotaxis and induce their apoptosis, indicating its anti-inflammatory properties. 103 Finally, EMAPII and TyrRS have been shown to elicit pro-inflammatory actions such as increased peroxidase activity in neutrophils and production of TNFα, respectively. 55, 104 These observations do not coincide with the generally anti-inflammatory nature of apoptotic cell clearance; therefore, a deeper understanding of these mediators is needed.
Conclusion
Apoptotic cells are capable of the controlled release of different soluble and/or membrane-bound mediators. These
Find-me signals and apoptotic cell clearance CB Medina and KS Ravichandran factors can have several effects during physiology and pathology, including their function as find-me signals to attract phagocytes toward apoptotic cells. 7 It has become evident that not only are the find-me signals involved in chemotaxis, but they may also have additional roles that promote efficient and anti-inflammatory engulfment of dying cells. Although our understanding of find-me signals has moved rapidly, a number of questions remain. First, defining how the many different find-me signals are released by a given apoptotic cell in vivo is not known; perhaps this depends on the type of apoptotic cells and the type of apoptosis. Second, what is the attraction radius for a released find-me signal before its original properties are altered, such as metabolic conversion? This is a rather challenging question; as sensitive probes are needed to determine the low levels of find-me signals that might be released from a few dying cells in vivo (rather than in tissue culture contexts where a large number of cells can be induced to undergo death synchronously). Third, what is the effect of metabolites that are derived from the original find-me signals; for example, is there a positive or negative feedback from neighboring cells? Fourth, another substantial layer of complexity arises when one considers different settings such as inflammation, tumors, or wound healing. In these states, different cell types may simultaneously and continually undergo death, and also different phagocytes may be simultaneously responding to the find-me signal landscape. This heterogeneity of phagocytes can differentially react to the find-me signals; also, the kinetics of their response can range from minutes to hours, a phenomenon that may depend on the find-me signal or reaction elicited. This type of complexity is both beautiful and daunting, but further understanding of these signals in vivo will help determine their roles in apoptotic cell clearance and in turn physiological and pathological conditions.
